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 2 
  1 
Abstract 2 
Environmental risk assessment (ERA) is often considered as the most transparent, objective and reliable 3 
decision-making tool for informing the risk management of chemicals and nanomaterials. ERAs are based on 4 
the assumption that it is possible to provide accurate estimates of hazard and exposure and, subsequently, to 5 
quantify risk. In this paper we argue that since the quantification of risk is dominated by uncertainties, ERAs 6 
do not provide a transparent or an objective foundation for decision-making and they should therefore not be 7 
considered as a “holy grail” for informing risk management. We build this thesis on the analysis of two case 8 
studies (of nonylphenol and nanomaterials) as well as a historical analysis in which we address the scientific 9 
foundation for ERAs. The analyses show that ERAs do not properly address all aspects of actual risk, such as 10 
the mixture effect and the environmentally realistic risk from nanomaterials. Uncertainties have been 11 
recognised for decades, and assessment factors are used to compensate for the lack of realism in ERAs. The 12 
assessment factors’ values were pragmatically determined, thus lowering the scientific accuracy of the 13 
ERAs. Furthermore, the default choice of standard assay for assessing a hazard might not always be the most 14 
biologically relevant, so we therefore argue that an ERA should be viewed as a pragmatic decision-making 15 
tool among several, and it should not have a special status for informing risk management. In relation to 16 
other relevant decision-making tools we discuss the use of chemical alternative assessments (CAAs) and the 17 
precautionary principle.  18 
Keywords 19 
Environmental risk assessment, assessment factors, nonylphenol, nanomaterials, REACH, chemical 20 
regulation  21 
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 3 
Highlights 1 
• Environmental risk assessments (ERAs) are the preferred choice for informing chemical risk 2 
management. 3 
• Two case studies and a historical analysis show that ERAs are not as scientifically well-founded as 4 
often perceived. 5 
• ERAs are a pragmatic decision-making tool and should be applied as such, rather than being 6 
afforded special status.    7 
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 4 
1. Introduction 1 
An environmental risk assessment (ERA) is often championed as the preferred decision-making framework 2 
for regulators looking to ensure that the regulation and risk management of chemicals and nanomaterials are 3 
enforced in the most transparent, objective and reliable way for society (van Leeuwen and Vermeire 1995). 4 
An ERA, in many aspects, is regarded as the “holy grail” for addressing risk, one of the major reasons for 5 
which is that it is considered the best approach to ensure scientific and evidence-based regulation (Löfsted 6 
2011). In a world where risk perception is believed to be a strong driver of risk management (Slovic 1999), 7 
some argue that it is increasingly more important that policymaking is driven by evidence rather than 8 
political dogma (Holmes and Clark 2008). ERAs are considered to be a cornerstone in regard to ensuring 9 
such evidence-based foundations for regulation, and they now provide the backbone of many pieces of 10 
European legislation, such as the water framework directive, biocidal product legislation and chemical 11 
legislation known as REACH (EC 2000, 2006 2012).  12 
The fundamental hypothesis on which the ERA paradigm is based is that risk is a function of 13 
hazard and exposure. When an ERA is conducted, the hazard and concentration-response assessments, based 14 
on the principle that toxicity is concentration-dependent, form the foundation for determining a toxicity 15 
threshold. This assessed potency is thereupon used to assess risk by comparing the derived threshold for 16 
toxicity with exposure concentrations (EC 2003). This implies that accurate measurements of the hazard and 17 
concentration response relationship can be provided, where uncertainties ideally should be negligible or at 18 
least well-quantifiable. These experimentally derived assessments thus form the very foundation of ERAs 19 
and thereby the “evidence-based” foundations with which they are supposed to provide decision-makers. The 20 
four steps of risk assessment (i.e. hazard identification, dose-response assessment, exposure assessment and 21 
risk characterisation) were originally proposed by the US National Research Council of the National 22 
Academy of Sciences (NRC-NAS) in their landmark 1983 publication “The Red Book” (NRC 1983). During 23 
the 1990s, the US EPA adapted the RA framework to ecological risk assessment for assessing risk where 24 
human health is not the primary focus. For instance, in 1992, the US EPA published the report Framework 25 
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 5 
for Ecological Risk Assessment, which proposed principles and terminology for this process (US EPA 1992), 1 
which was summarily adopted in the EU via the Technical Guidance Documents (TGDs), although no 2 
references are provided within these guidelines (EC 1993a). While its intentions have always been good, the 3 
ERA framework has increasingly come under critical scrutiny and has been criticised for not being able to 4 
provide the input that risk managers need, and so modifications are currently being discussed in the EU 5 
(Scientific Committees 2013).  6 
One of the key limitations of the ERA seems to be that risks can only first be truly assessed 7 
after an adverse impact has been firmly established scientifically, which is unfortunate when it comes to 8 
protecting the environment (EEA 2001, 2013). Article 191 of the Lisbon Treaty states that the protection of 9 
the environment ‘shall be based on the precautionary principle and on the principles that preventive action 10 
should be taken’ (EU 2007). An important question is therefore whether an ERA can provide sufficient 11 
knowledge for decision-makers to, on the one hand, ensure “evidence-based” regulation and on the other 12 
hand provide them with enough decision-making support in time to take precautionary preventive actions. In 13 
this paper, we argue that the answer to this question is “no.” In order to explain our conclusion, we first 14 
analyse how the first two steps of the ERA framework, namely hazard identification and dose-response 15 
assessment, are used to inform decision-making in two specific cases. We do this in order to illustrate some 16 
of the challenges that ERAs face when it comes to assessing the hazardous nature of chemicals and 17 
nanomaterials. The first case considers one of the most comprehensive environmental risk assessments ever 18 
performed in the EU, namely in respect to nonylphenol, while the second case examines engineered 19 
nanomaterials (ENMs).  20 
Based on the nature of the identified challenges, we would argue that they cannot be 21 
addressed solely by revising ERAs in the future; rather, they are a reflection of the fundamental limitations 22 
of the ERA framework. Via a historical analysis of the development of ERAs, we discuss how these 23 
limitations, related to hazard identification and dose-response assessment identified in the two cases, have 24 
been well-recognised over time but unfortunately never really addressed. Finally, we discuss how 25 
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 6 
alternatives such as the precautionary principle and alternative assessment may help to ensure a more timely 1 
and transparent foundation for policymaking. First, however, we provide a short introduction to the 2 
principles of environmental risk assessment in the EU. 3 
2. Environmental risk assessment in Europe 4 
2.1 Laying down the principles of risk assessment in the EU  5 
Directive 93/67/EEC describes how a risk assessment entails hazard identification, dose (concentration)-6 
response (effect) assessment, exposure assessment for environmental compartments (i.e. aquatic 7 
environment, terrestrial environment and air) and risk characterisation (EC 1993b). The objective of the dose 8 
(concentration)-response (effect) assessment is to ‘predict the concentration of the substance below which 9 
adverse effects in the environmental compartment of concern are not expected to occur’. This concentration 10 
is known as the “predicted no-effect concentration” (PNEC) and has to be determined on the basis of 11 
information in the notification dossier, e.g. a 21-day study on daphnia magna, testing of higher plant orders 12 
and earthworms. A PNEC has to be derived by applying an assessment factor to the values resulting from 13 
tests on organisms, e.g. LC50 (median lethal concentration), EC50 (median effective concentration) and 14 
NOEL(C) (no-observed-effect level (concentration)) (Table 1). These assessment factors (AFs) are seen as 15 
‘[…] an expression of the degree of uncertainty in extrapolation from test data on a limited number of 16 
species to the real environment’, and an AF of the order of 1000 is typically applied to an L(E)C50 value 17 
derived from the results of testing for acute toxicity, though it may be reduced in the light of other relevant 18 
information. A lower AF is typically applied to a NOEC derived from the results of testing for chronic 19 
toxicity, and the AF can be lowered further in cases where more comprehensive data, such as species 20 
sensitivity distributions, are available.  21 
 22 
Table 1. Assessment factors for deriving a PNECaquatic*, recommended in Table 16 of the 2003 Technical 23 
Guidance document (EC 2003). 24 
Available data Assessment factor 
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 7 
At least one short-term L(E)C50** from each of the three 
trophic levels of the base set (fish, daphnia and algae) 
1000 
One long-term NOEC*** (either fish or daphnia) 100 
Two long-term NOECs from species representing two 
trophic levels (fish and/or daphnia and/or algae) 
50 
Long-term NOECs from at least three species (normally 
fish, daphnia and algae) representing three trophic levels   
10 
Species sensitivity distribution (SSD) method 5-1 
(To be fully justified case by case) 
Field data or model ecosystem Reviewed on a case by case basis 
* PNECaquatic : predicted no effect concentration for the aquatic environment 1 
** L(E)C50 : lethal(effect) concentration for 50% of the test specimens 2 
*** NOEC: no observed effect concentration 3 
 4 
The final step in the risk assessment methodology entails comparing the predicted exposure concentration 5 
(PEC) with the PNEC for any given compartment, so that a PEC/PNEC ratio may be derived. If the 6 
PEC/PNEC ratio is ≤ 1, it implies that there is no immediate concern according to the available information. 7 
If the ratio is ≥ 1, the competent authority shall judge whether: 1) the substance is of concern and further 8 
information is required for the revision of the assessment, but it shall defer a request for that information 9 
until the next tonnage threshold is reached, 2) the substance is of concern and further information shall be 10 
requested immediately or 3) the substance is of concern and the competent authority shall immediately make 11 
recommendations for risk reduction. The type and amount of data required for the ERA is based on the 12 
production volume of the chemical, because with a greater production volume comes a greater demand for 13 
experimental data. The tonnage threshold thus refers to a production volume where the required set of data is 14 
expanded to include additional data. If it has not been possible to derive a PEC/PNEC ratio, the risk 15 
characterisation shall entail a qualitative evaluation of the likelihood that an effect will occur under the 16 
expected conditions of exposure.  17 
2.2 The emergence of the Technical Guidance Documents  18 
Although Directive 93/67, Regulation 1488/94 and Directive 98/8 lay down general principles for the risk 19 
assessment of new substances, existing substances and biocidally active substances or substances of concern 20 
present in a biocidal product, they do not include extensive technical details for conducting such risk 21 
assessments. In 1993 and 1994, the European Chemical Bureau of the European Commission published the 22 
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 8 
first set of “Technical Guidance Documents on Risk Assessment” (EC 1993a, 1994), which were prepared in 1 
order to support Commission Directive 93/67/EEC on Risk Assessment for newly notified substances, 2 
Commission Regulation (EC) No 1488/94 on Risk Assessment for existing substances and Directive 98/8/EC 3 
of the European Parliament and of the Council concerning the placing of biocidal products on the market. 4 
Key aspects of the risk assessment methodology, such as PEC/PNEC-derivation, the use of assessment 5 
factors (Table 1) and the four steps of risk assessment, were described in these first TGD versions. 6 
Regrettably these TGDs provide no discussion on the uncertainties or the scientific foundations of these 7 
significant methodological choices, and it is unclear on which kinds of evidence and insight these are based. 8 
In 2003, the TGDs were updated with respect to ERAs, and the effect assessment took on major 9 
improvements (e.g. a new chapter on marine risk assessment was added). In 2007, a new regulation for 10 
industrial chemicals, called REACH (short for: Registration, Evaluation, Assessment and Restriction of 11 
Chemicals), was adopted (EC 2006). Under REACH, manufacturers and importers of chemical substances 12 
are required to carry out chemical safety assessments (CSAs) when producing or importing chemicals in 13 
quantities of 10 tonnes or more per year. The European Chemical Agency has provided substantial guidance 14 
on how it would like industry to prepare these CSAs, and although the terminology is different, the key 15 
aspects of the CSA are similar to the chemical risk assessment methodology described in the TDG prepared 16 
by the ECB (ECHA 2008).   17 
The (largely) experimentally derived PNECs thus form the foundation of the “evidence-18 
based” input into the decision-making process in Europe, in both a historical and a future context. It is 19 
therefore interesting to analyse the nature of the science that is being applied within ERAs aiming at deriving 20 
PNECs.  21 
 22 
  23 
This is a post-print version of Syberg, K., & Hansen, S. F. (2016). Environmental risk assessment of chemicals and 
nanomaterials — The best foundation for regulatory decision-making? Science of the Total Environment, 541, 784-794. 
The printed version of the paper is available at: DOI: 10.1016/j.scitotenv.2015.09.112 
 
 
 9 
3. Hazard and dose-response assessment of nonylphenol  1 
Nonylphenol is an industrial chemical mainly used in nonylphenol ethoxylates production (NPEO) (85% of 2 
total production) (Nielsen et al. 2000), which in turn is used as a detergent for industrial cleaning, as a 3 
stabiliser in plastics such as PVC and NPEO and in paint formulations (ECHA 2014). In 1997, nonylphenol 4 
had a yearly production volume of 73,500 tonnes (EC 2002), making it a high-volume production chemical 5 
at the time. It was chosen as one of the substances to be risk assessed under the old European Regulation 6 
793/93 (EC 2002), due to its high production volume and toxic properties. The final risk assessment was 7 
published in 2002, building on a review of the scientific data completed in 1999. The RA provides a 8 
‘comprehensive risk assessment of 4-nonylphenol (branced) and nonylphenol’ (EC 2002), and so it is 9 
therefore well-suited to illustrating some of the challenges in environmental risk assessments, even for ERAs 10 
that were considered and portrayed as scientifically “state-of-the-art” at the time.  11 
3.1 Hazard identification of nonylphenol 12 
ERA hazard identification was based on a review of studies conducted by the EU rapporteur (UK 13 
authorities). The report concludes that endpoints such as growth and survival were the most sensitive, and 14 
these endpoints are therefore used for assessing PNECs (Table 2) (EC 2002).  15 
3.1.1 Endocrine disrupting effects and “new” versus traditional endpoints 16 
Even though the reported endocrine disrupting effects of nonylphenol are discussed in the 17 
ERA report, it is concluded that their threshold values are higher than those for more “traditional” endpoints 18 
(EC 2002). The ERA arrives at this conclusion because oestrogenic effects started around 10-20 µg/l 19 
whereas the PNEC was estimated based on a long-term NOEC for algae of 3.3 µg/l (see below). The risk 20 
assessment of endocrine disruptive chemicals (EDCs) has evolved markedly since the ERA was conducted, 21 
and further research into the endocrine disruptive properties of nonylphenol indicates that not all isomers are 22 
capable of inducing oestrogenic activity (Soares et al. 2008). If this is not accounted for in the experimental 23 
set up it can influence the NOEC, since a mix of isomers will result in lower exposure to the isomer that 24 
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induces oestrogenic activity (i.e. the para-position isomer). It is furthermore debatable whether EDCs have 1 
thresholds or whether they should be treated as being similar to non-threshold genotoxins (EC 2013). If the 2 
latter is actually the case, a single para-position isomer would, in theory, be sufficient to cause risk. Lee et 3 
al. (2003) also found that nonylphenol has anti-androgenic properties, which illustrates that a threshold based 4 
on oestrogen-like properties alone might underestimate the real-life risk to populations that is a function of 5 
all endocrine disruptive properties. Nonylphenol has recently been re-evaluated under REACH, and based on 6 
this evaluation it was concluded that ‘4-Nonylphenol, branched and linear[…] are identified as substances of 7 
very high concern (SVHC) in accordance with Article 57 (f) of Regulation (EC) 1907/2006 (REACH) 8 
because they are substances with endocrine disrupting properties’ (ECHA 2012). This case thus serves as an 9 
example of the limitations that the boundaries of our scientific understanding set for our ability to assess 10 
hazard. Today, it would be much more controversial to argue that endocrine disruptive properties are 11 
properly accounted for with the survival and growth type of endpoints. 12 
 13 
3.1.2 Non-standard tests vs. standard tests 14 
Another related discussion concerns whether data from non-standard tests that are more 15 
sensitive than standard tests should be used in ERAs for chemicals. In this respect, the focus has recently 16 
been on Bisphenol-A, whereby the US Food and Drug Administration and the European Food Safety 17 
Authorities were criticised for neglecting relevant scientific findings because they were not conducted under 18 
good laboratory practice (GLP) (Myers et al. 2009). A similar discussion is relevant for nonylphenol. In a 19 
2013 hearing on the decision to classify nonylphenol as an SVHC, several stakeholders argued that the 20 
classification of nonylphenol as an EDC was not justified, since it was based on “poor” studies, as defined by 21 
the Klimisch score (ECHA 2013), an approach published by Klimisch et al. (1997) for evaluating 22 
experimental data for RAs. The principle is that studies are evaluated based on a number of parameters and 23 
then categorised within one of four categories, where categories 1 and 2 are considered ‘reliable without and 24 
with restrictions’, respectfully. Category 3 is considered ‘not reliable’, whereas category 4 studies are 25 
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deemed ‘not assignable’ (Klimisch et al. 1997). High emphasis is placed on studies conducted with standard 1 
protocols – and preferably under GLP. Among different responses the ECHA states that a non-monotonic 2 
dose-response relationship should not disqualify a study, since such relationships are documented for EDCs 3 
and thus should not be characterised as experimental artefacts (ECHA 2013). This illustrates that a very rigid 4 
interpretation of what constitutes reliable science may have a tendency to disqualify novel findings thus 5 
inhibiting well-timed decision-making. 6 
 7 
3.2 Dose response assessment of nonylphenol 8 
The second step in the ERA towards quantifying the hazardous potential of nonylphenol was the dose 9 
response assessment aimed at deriving PNECs.  Two aspects of the 2002 ERA, which are addressed below, 10 
are of specific interest in the context of this paper.  11 
3.2.1 Dismissal of indicative studies and studies with unknown biological significance 12 
The lowest toxicity values for fish, invertebrates and algae (Table 1) formed the basis of the derived PNEC 13 
values, following the TGD procedure (EC 1993a). It is interesting to analyse the scientific foundation behind 14 
PNECs, in order to evaluate to what extent they are based on the ‘high level of accuracy’ that ERAs should 15 
provide (EC 2013). 16 
A chronic NOEC for invertebrates of 24 µg/l originates from a daphnia reproduction study 17 
(Table 1), even though this study does not provide the lowest NOEC among the assessed studies. A study by 18 
Kahl et al. (1997) found NOEC in the range of 14-45 µg/l for irregularly shaped egg masses, even though the 19 
effect was not statistically verified. However, since the biological significance of this observation was 20 
unknown, these data were not used further (EC 2002). In another study of the rainbow trout, Oncorhynchus 21 
mykiss, significant reductions in body weight were observed at 1 µg/l (Ashfield et al. 1998). Since this 22 
experiment was conducted with nominal concentrations, and experimental verifications of the concentrations 23 
were made, it was only used as an indicative study (EC 2002). The data used to determine the PNEC were 24 
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EC10 of 3.3 µg/l from a chronic algae test with S. subspicatus (EC 2002), thus ensuring that the PNEC were 1 
lower than that derived from the egg mass study, albeit not the O. mykiss study.  2 
Table 2. Top part: effect data from the studies that were used to derive PNECs in the European RA of 3 
nonylphenol. Bottom part: other scientific studies that could have altered the conclusion of the RA, if they 4 
had been available for consideration. 5 
Type of test species Endpoints for short-term tests Endpoints for long-term tests 
Fish 96 h LC50:                      0.128 mg/l 
(P. promelas) 
33 d NOECsurvival:                0.0074 mg/l 
(P. promelas) 
Invertebrate 96h. EC50:                     0.0207 mg/l  
(H. Azteca) 
21 d. NOECsurvival offspring:           0.024 mg/l 
(D. magna) 
Algae 72 h EC50(biomass):              0.0563 mg/l 
(S. subspicatus) 
72 h EC10(biomass):                    0.0033 mg/l  
(S. subspicatus) 
Other relevant studies (post 1999) 
SSD HC5: 1.43 µg/l (freshwater) and 0.84 µg/l (seawater) Gao et al. (2014)  
Genotoxicity Photoactivated nonylphenol induce oxidative DNA damage (Okamoto et al. 2006) 
Mixture effects nonylphenol interact in mixtures causing deviation from additivity (Rajapakse et al. 2004) 
EDC Isomer specific oestrogen-like properties (Soares et al. 2008) 
Anti-androgen properties (Lee et al. 2003) 
 6 
 7 
3.2.3 Disregarding real exposure to mixtures  8 
Yet another aspect that is not accounted for in the ERA is to what extent real-life exposure to mixtures 9 
containing nonylphenol affects the threshold for toxicity. Such mixture effects will vary depending on 10 
mixture composition, as shown by Rajapakse et al. (2004), who illustrate that PNECs based on single 11 
chemical ERAs are artefacts that do not reflect real-life toxicity. Oestrogenic effects, measured with the E-12 
SCREEN assay of a mixture containing nonylphenol, deviated from additivity, indicating that it could be 13 
problematic to assess mixture effects on the basis of single chemical toxicities (Rajapakse et al. 2004). In 14 
another study, Kwak et al. (2001) showed that the mixture effects of  nonylphenol and Bisphenol-A were 15 
more potent than single chemicals when effects were measured with an array of EDC-sensitive endpoints in 16 
the viviparous fish Xiphophorus heller. These studies were published after the RA, but the problem caused 17 
by oestrogenic mixtures active substances had been highlighted earlier (Arnold et al. 1996), and participants 18 
in a US-EPA sponsored workshop concluded that mixture effects represented one of primary research focus 19 
areas for EDCs (Kavlock et al. 1996). Since the PNECs derived in the ERA are based on single toxicity 20 
studies, none of them can be said to account for the combined toxicity. 21 
22 
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4. Hazard and dose-response assessments of Engineered Nanomaterials  1 
The environmental risks of nanomaterials have been subjected to increased levels of attention in recent years. 2 
Risk assessments have repeatedly been proposed by expert committees, policymakers, industry organisations 3 
and non-governmental organisations as the central means for informing decision makers about the risks of 4 
engineered nanomaterials (ENMs) (Nordan et al. 2006, SCENIHR 2007,US EPA 2007, ED & DuPont 2007, 5 
CCA 2008, EFSA 2008, Hankin et al. 2011). An important question is therefore whether the existing ERA 6 
framework provides experimental tools that adequately ensure a proper scientific foundation for regulating 7 
ENMs within a reasonable period of time.  8 
4.1 Hazard identification of Engineered Nanomaterials 9 
4.1.1 Recognising ignorance about the hazard characteristics of emerging materials and substances, 10 
but still ignoring it 11 
When it comes to nanomaterials, there seems to be a general agreement that hazards depend on surface area, 12 
surface charge, surface chemistry, state of agglomeration as well as chemical composition (Hansen et al. 13 
2007, Hankin et al. 2011), and especially surface area/reactivity has been mentioned as the newest “nano-14 
relevant” properties for inclusion in hazard identification. This is in contrast to regular chemical risk 15 
assessments, which are based on the fact that chemical identity governs the fate and effects of a chemical. 16 
However, all of the mentioned particle characteristics may affect the overall hazard, and since 17 
causal relationships still need to be discovered, further research is needed in this area before relevant data 18 
demands for hazard identification purposes can be defined. It is further discussed whether the unique 19 
properties of each type of nanoparticle make their hazard unique (Hansen et al. 2007; Hartmann et al. 2014). 20 
Toxicodynamics for hazards is yet another important area largely governed by uncertainty. Several studies 21 
have shown that the uptake and depuration of ENMs is different from results observed for other particles of 22 
similar metal composition (e.g. Dai et al. 2013, Khan et al. 2013). To what extent these differences influence 23 
the long-term toxicity of ENMs is still unknown, and this lack of understanding stresses the importance of 24 
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defining the most relevant endpoints for determining ENM hazard. The equivocal identification of hazards 1 
for most nanoparticles is furthermore hampered by substantial limitations in our ability to determine 2 
individual and multiple particle characteristics simultaneously and in a consistent manner, both prior to and 3 
during tests, when using different characterisation techniques and/or across laboratories (RCEP 2008, JRC 4 
2014).  5 
All the unknowns about hazard characteristics have been well-recognised when it comes to 6 
nanomaterials, and this area could therefore be classified as ‘recognised ignorance’ (Hansen et al. 2013). 7 
Although they are often recognised in the few risk assessments that have been published (WHO 2013), the 8 
problem is that they are continuously ignored in these risk assessments when it comes to actual hazard 9 
identification, and so most often classical hazard characteristics are relied upon.  10 
4.1.2 Most sensitive endpoint? 11 
It is furthermore unclear as to whether or not we can rely on knowledge from industrial 12 
chemicals when selecting the most sensitive endpoints, since particle hazards have not been considered 13 
historically for risk assessment. As noted in the second REACH Implementation Project on Nanomaterials 14 
(RIP-oN 2) (Hankin et al. 2011), some novel endpoints and observations in fish and invertebrate tests may 15 
provide useful information when it comes to nanomaterials. For fish tests these novel endpoints included fish 16 
ventilation rates, gill pathologies, mucus secretion, brain pathology and animal behaviour based on the 17 
findings proffered by Schmidt (2007) and Federici et al. (2007). For invertebrates, Lovern et al. (2007) found 18 
that the heart rate, hopping frequency and appendage movement cycle frequency of daphnia were affected by 19 
exposure to nanomaterials, which again is not something normally considered in chemical risk assessment. 20 
Therefore, it remains unknown as to whether or not the endpoints currently tested and 21 
reported on are actually the most sensitive or the most relevant examples, or whether new biological 22 
endpoints might actually be more relevant (RCEP 2008, Hartmann et al. 2014).  23 
 24 
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4.2 Dose-response assessment of Engineered Nanomaterials 1 
4.2.1 When the mass-based dose does not make the poison 2 
Several ecotoxicological studies have reported dose-response relationships for tests with nanomaterials 3 
(Hund-Rinke and Simon 2006 and Heinlaan et al. 2008, Kühnel et al. 2009), whereas others have found none 4 
(Adams et al. 2006). It is therefore still debatable whether it is possible to establish reliable dose-response 5 
scenarios for ENM, due to a number of factors. First of all, nanomaterials have consistently been observed to 6 
be present in various environmental compartments in the form of individual primary particles as well as 7 
agglomerates and aggregates, whereas specific surface area is constant for individual particles and 8 
agglomerates, since the particles bind loosely together and aggregation causes a decrease in specific surface 9 
area due to the much stronger chemical bounds between the particles (Oberdörster et al. 2007, Aitken et al. 10 
2011). It is well-known that aggregation and agglomeration are dependent on the coating and 11 
functionalisation of the nanomaterials, and that the level of agglomeration and aggregation varies between 12 
different test media due to a number of biotic and abiotic factors such as pH, salinity, exposure to sunlight, 13 
stirring activities and the presence of natural organic matter. Although the latter is not normally considered 14 
an element of standardised ecotoxicological testing of chemicals, it might be very important for 15 
understanding agglomeration and aggregation behaviour in the environment itself (Fortner et al. 2005, 16 
Hartmann et al. 2014). For most nanomaterials there is a general hypothesis that ecotoxicity is linked to 17 
surface area (Dai et al. 2013), which might be due to increased surface reactivity and/or an increase in ion 18 
release from the surface as a function of the larger surface area. Normally, one would assume that the higher 19 
the concentration of nanoparticles, the higher the available specific surface area (SSA) and, subsequently, 20 
ecotoxicity, but this assumption is not necessarily true, as aggregate formation can be concentration-21 
dependent, meaning that in the presence of a higher concentration of nanoparticles the likelihood of 22 
aggregation increases, thereby resulting in a decrease in available SSA. This means that we are likely to see 23 
increasing levels of ecotoxicity as concentrations of individual particles and agglomerates increase, but only 24 
until a certain level, when the concentration becomes so high that concentration-dependent aggregation is 25 
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initiated and overall ecotoxicity decreases (Baun et al. 2009). This would mean that a traditional s-shaped 1 
dose-response relationship would not be observed, since more than one concentration would be linked to 2 
specific effect concentrations (e.g. EC50), thereby complicating the derivation of the PNEC. The hearing on 3 
the NP RA, described in the earlier case, illustrates that a move away from the monocausal relationship 4 
between concentration and effect lowers the credibility of the data – at least for some stakeholders.   5 
4.2.2 Limited exploration of other suitable dose descriptors  6 
Yet another aspect that complicates the dose-response assessment of ENM relates to particle 7 
hazards. Since there is no common agreement on the most important drivers for ENM hazards, it is debatable 8 
which metric is most suitable as a dose descriptor. Several alternatives to traditional mass have been 9 
proposed, such as surface area or number of particles, but only a few authors have actually investigated 10 
alternative metrics for expressing the dose. A number of studies have reported observing a size-dependent 11 
effect. Templeton et al. (2006), for instance, compared “as prepared’’ and purified SWCNT and observed a 12 
difference in adverse effects in an estuarine copepod, which they attributed to a partly size-dependent and 13 
partly aggregation-dependent difference. For non-aggregating SiO2 nanoparticles, van Hoecke et al. (2008) 14 
showed that increasing effects on the growth rate of algae with decreasing particle sizes can be explained by 15 
an increase in specific surface area (van Hoecke et al. 2008).   16 
 17 
 18 
 19 
 20 
 21 
 22 
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 1 
5. The Origin of the Environmental Risk Assessment  2 
The cases above illustrate some of the challenges that ERAs face when it comes to hazard identification, 3 
dose-response assessment and addressing uncertainties and ignorance. Although one could argue that these 4 
challenges are related only to nonylphenol and nanomaterials, we would contend that this is not the case. In 5 
2001 and 2013, the European Environment Agency published two reports, “Late Lessons from Early 6 
Warning,” exploring numerous cases where regulators had failed to regulate hazardous chemicals in time to 7 
protect human health and the environment (EEA 2001, 2013). Many of the cases analysed in the EEA reports 8 
were very similar to the ones highlighted herein when it comes to realising the limitations of risk assessment. 9 
In order to understand the origin of these systemic challenges, one has to understand the origin of PNEC 10 
derivation and how it has helped the ERA to develop into one of the most used decision-support frameworks. 11 
  Key aspects of the risk assessment methodology, outlined in the Directives laying down the 12 
principles for risk assessing chemical substances and the TGD, such as PEC/PNEC-derivation, the use of 13 
extrapolation factors and the four steps of risk assessment, were introduced into the Directives and the first 14 
version of the TGDs from 1993 and 1994. Prior to 1993, discussions on how to assess the environmental risk 15 
of toxic chemicals had been going on in the United States of America and in many European countries such 16 
as Denmark, Germany, Spain and the Netherlands (van Straalen and van Leeuwen 2002). A thorough 17 
analysis of the scientific discussion in these historical documents can therefore provide a better 18 
understanding of the scientific foundation for the TGD – and thus the foundation of European environmental 19 
risk assessment. 20 
   21 
 22 
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5.1 The Dutch Health Council, minimal data requirements and reliable 1 
procedures for the derivation of PNEC  2 
In the Netherlands, the Health Council of the Netherlands established a scientific advisory committee to give 3 
advice on ecological risk assessments of chemicals (HCN 1989). In 1989, the council published an English 4 
version of its advice, termed “Assessing the risk of toxic chemicals for ecosystems,” which provides insights 5 
into the now well-established minimal data requirements, the use of PNEC and the development of 6 
procedures for deriving PNEC. 7 
  The request for advice on ecological risk assessment, dating back to December 1987, came 8 
from the Minister of Welfare, Health and Cultural Affairs in the Netherlands, and the task of the committee 9 
was to assess “a procedure” to derive recommended values for ecosystems. The “procedure” had been 10 
proposed in August 1987 by an interdepartmental working party, “Risk Management for Ecosystems,” and it 11 
outlined the minimum data required and the methods which would be applied to derive recommended values 12 
for (part of) ecosystems, despite limited knowledge. The proposal made by the working party involved 13 
recommendations in regard to water, soil and air, and although it is now almost four decades since their 14 
inception, these minimum data requirements and methods provide the backbone of existing chemical ERAs 15 
in the EU. 16 
  For water, the Working Party Risk Management for Ecosystems (1987) proposed that acute 17 
toxicity data for algae, daphnia and fish, according to the OECD test guidelines, are to be a minimum 18 
requirement. The lowest LC(E)50 should then be compared with (expected or measured) exposure 19 
concentration. If the ratio is > 100, a recommended value is to be derived by using the Kooijman (1985 and 20 
1987), the Van Straalen (1987) and the Slooff et al. (1986) methods (Working Party Risk Management for 21 
Ecosystems 1987) (see Table 3). If the ratio is < 100, long-term experiments should be carried out, e.g. 22 
reproduction tests on daphnia and an egg larva test with fish according to OECD test guidelines, and the 23 
recommended value should be derived using the above methods (Working Party Risk Management for 24 
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Ecosystems 1987). The approach was thus comparable to those used in current regulations (e.g. REACH), 1 
where risk quotients form a basis for assessing risk. 2 
  For soil, acute toxicity data are negligibly required for plants, earthworms and soil arthropods, 3 
whereas an inhalation test with a mammal, according to OECD guidelines, and fumigation experiments with 4 
plants and insects should be carried out for air quality. If a ratio > 100, a recommended value is to be derived 5 
by using the Kooijman (1985 and 1987) and the Van Straalen (1987) methods. If the ratio is < 100, long-term 6 
experiments should be carried out with the abovementioned organisms, and the recommended value should 7 
be derived using the above methods as for water (Working Party Risk Management for Ecosystems 1987).  8 
  For mixture toxicity, it is noted that it is an important aspect of risk assessment but could not 9 
be taken into account at the time (i.e. August 1987) in the derivation of recommended values, because there 10 
are no instruments that deal properly with this problem, which again is noted as an undesirable situation 11 
(Working Party Risk Management for Ecosystems 1987).   12 
The methods put forth by Kooijman (1985 and 1987), Van Straalen (1987) and Slooff et al. 13 
(1986) (see Table 3) play a very important role in the proposed procedure, and they were used to derive 14 
reliable procedures for extrapolating experimental data to environmental effects that the Health Council 15 
committee was asked to evaluate.  16 
Table 3. Overview of the three extrapolation concepts that were the foundation of the Dutch committee’s 17 
recommendations on how PNEC should be derived. The general approach and basic scientific foundations 18 
are listed. 19 
Name Approach  Scientific foundation Reference 
Kooijman 
method 
Extrapolate from LC50 
values from most 
sensitive species 
- HCS* derived from geometrical mean LC50 value from 
several species.  
- HCS is divided with a safety factor that is dependent on 
the number of species observed in the community. 
Kooijman (1987) 
Van Straalen 
method 
Estimate where 
NOAEL is not 
exceeded for 95% of 
species 
- HCS similar to Kooijman method is calculated, but 
NOAEL** values are used instead of LC50 values. 
- Safety factor is constant, since the HCS is derived in 
regard to 95% of all species in the ecosystem.   
Van Straalen (1987) 
Slooff et al. 
method 
Applies regression 
analysis to large 
numbers of toxicity 
data 
- Regression analysis allows for predictions of: 
- LC50 effects on one species if the LC50 is known for 
another species. 
- Chronic NOEC*** can be derived from acute LC50  
- NOECeco**** based on lowest L(E)C50 or lowest chronic 
NOEC. 
Slooff et al. (1986) 
* HCS: Hazardous concentration for sensitive species 20 
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** NOAEL: No Observed Adverse Effect Level 1 
*** NOEC: No Observed Effect concentration 2 
*** NOECeco: No Observed Effect concentration for the ecosystem, based on a calculated relationship between field data and acute 3 
tests. 4 
 5 
 6 
Besides evaluating these three methods, the committee also included US EPA (1984), Stephan et al. (1985) 7 
and Blanck (1984) in their review, concluding that:  8 
1) All methods offer some possibilities for including ecological aspects, for example in selecting test 9 
species and confidence limits.  10 
2) None of the methods takes interaction between species into account, even though it is a key feature 11 
of ecosystems, except for the method posited by Sloof et al. (1986), which uses field data.  12 
3) The Kooijman, Van Straalen and US EPA methods can be used for all environmental compartments, 13 
whereas the methods employed by Sloof et al. (1986) and Blanck (1984) are only applicable for the 14 
aquatic compartment.  15 
4) The Kooijman (1987) method yielded the lowest results in all cases when used on the chemicals γ-16 
hexachloro-cyclohexane and cadmium, due to a stricter protection principle and the fact that results 17 
decreased more substantially as input data variance increased.  18 
The committee expressed serious objections to the applicability of the methods developed by the US EPA 19 
(1984) and Blanck (1984). In regard to the US EPA method, the committee objected to the use of the 20 
triangular (probabilistic) distribution of toxicity data, which implied the existence in ecosystems of 21 
concentration thresholds below which the probability of adverse effects are zero. This assumption the 22 
Committee found to be too rigorous (HCN 1989). Blanck (1984) used seven species whose EC50 values he 23 
had derived, and the committee found it to be an extremely drastic assumption that no species was capable of 24 
reacting more sensitively than these seven (HCN 1989).   25 
Besides the conclusion related to methods for deriving reliable procedures for the 26 
extrapolation of experimental data to environmental effects, the committee also discussed and noted a 27 
number of aspects related to the proposed procedure and ecological risk assessment.  28 
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First, they noted that the purpose of the procedure was to predict the effects of toxic chemicals 1 
on ecosystems and to establish boundary conditions for the protection of ecosystems despite the limited 2 
knowledge available on ecotoxicology at the time (HCN 1989). Nonetheless, according to the committee, 3 
there were insufficient indications relating to the possibilities and limitations of such a procedure.  4 
Second, the key to making such an assessment, according to the committee, was the 5 
extrapolation from experimental data to effects in ecosystems. The proposed procedure and risk assessment 6 
thus aimed at protecting the characteristics of the species composition of the ecosystem but, according to the 7 
committee, it was not possible to conclude from the available data whether an ecosystem would react more 8 
sensitively to a toxic chemical than individual species. The committee stressed that no safe values could be 9 
derived with the procedure but only limits above which certain effects would occur (HCN 1989). 10 
Finally, the committee discussed to what extent a risk assessment can make scientifically 11 
certain recommendations to policymakers. The committee concluded that none of the reviewed ERA 12 
procedures could claim to safeguard ecosystems against the adverse effects of toxic chemicals. However, 13 
they provided a first impetus to putting present knowledge to use in a practical way for the protection of 14 
ecosystems (HCN 1989). The committee stated that a complete scientific foundation for risk regulation was 15 
not possible, and policy could therefore not be based on such a requirement (HCN 1989). The committee 16 
also highlighted some areas that were not covered properly in any of the approaches, concluding that the risk 17 
assessment procedure could not be applied in the case of mixed toxic chemicals  or for carcinogenic or 18 
mutagenic chemicals (HCN 1989). The committee recommended that the effects of exposure to chemical 19 
mixtures should be included as far as possible (HCN 1989). 20 
Advice from the Health Council was later implemented in the Netherlands in the form of a policy 21 
paper on risk management and fed into processes that were going on at the time at the OECD and in the EU 22 
(HCN 1989, Premises for Risk Management 1989; OECD 1992; Straalen and van Leeuwen (2002)).   23 
 24 
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5.3 The OECD, the US EPA and three tiers of extrapolation factors 1 
The three tiers of extrapolation factors represent another key aspect of the environmental risk assessment 2 
framework and helps explain the systemic challenges that we have observed in the case of nonylphenol and 3 
nanomaterials. In the early 1990s, transatlantic dialogue was initiated also under the umbrella of the Hazard 4 
Assessment Advisory Board of the Organisation for Economic Co-operation and Development (OECD). 5 
When it comes to risk assessment, the proceedings of an OECD workshop in Arlington, USA, are 6 
noteworthy, as they were published at the same time as the TGDs were being prepared (OECD 1992). The 7 
aim of the workshop was to present state-of-the-art extrapolation methods, to identify areas of uncertainty 8 
and to reach consensus on practical, available and validated extrapolation methods (OECD 1992). According 9 
to van Straalen and van Leeuwen (2002), the methodology was implemented on a wider scale after the 10 
OECD workshop.  11 
Participants in the OECD workshop recommended three tiers of extrapolation factors, each 12 
with a factor of ten. The derivation of the three assessment factors was based on empirical experience rather 13 
than a theoretical model. The approach was inspired by the approach that the US EPA (1984) had developed 14 
in 1984, published in a report named “Estimating concern levels for concentrations of chemical substances in 15 
the environment” (US EPA 1984), in which they evaluated how uncertainty can be addressed by applying 16 
assessment factors (AF). The publication discussed the scientific rationale behind applying four tiers of AF 17 
(Table 4), which have subsequently become more or less standardised AFs for environmental risk 18 
assessment. The authors stressed that using AFs did not identify a safe exposure level in ecological risk 19 
assessment (comparable to considerations made by the Dutch committee on risk assessment analysed above), 20 
and thus it was not directly comparable to the margin of safety (MOS) derived for human health RAs (US 21 
EPA 1984). An MOS is used when there is sufficient data to determine a safe level of use, whereas AFs are 22 
used when data are absent. The AF was created to account for many experimental and environmental factors 23 
that alter test results away from field-level effects, but due to convenience all these differences were grouped 24 
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in three categories (species-to-species sensitivity, chronicity and laboratory-to-field differences). For the 1 
purposes of ease and simplicity, all AFs were also rounded off to the nearest power of ten (US EPA 1984).  2 
Table 4: The three assessment factors recommended by the US EPA as a means of handling extrapolation 3 
from different data scenarios to real life. 4 
Categories Level of scientific data at hand Recommended AF Scientific rationale 
 Field data 1 Field studies measure effects that are expected to 
occur in natural environments. 
Laboratory-
to-field 
LOEC based on chronic study 10 a) Other species may be more sensitive.  
b) Test conditions may not represent natural 
    environment.  
c) Other effects may occur at lower levels. 
d) The presence of other chemicals in the 
    environment may amplify the effect. 
Acute-to-
chronic 
LOEC based on many acute 
concentrations 
100 e) At least one acute test for each of the three 
taxonomic groups (fish, invertebrates, algae) or 
f) At least five acute tests divided among two of  
the three taxonomic levels. 
g) Use of juvenile organisms can underestimate 
effects on eggs and embryos.   
Species-to-
species 
One acute concentration or QSAR 1000 h) No one or two species are consistently more 
sensitive to a broad array of chemicals. 
i) Actual vs. estimated (QSARs) LC50 value may 
vary up to 10 fold. 
 5 
The scientific rationale behind these three categories of AFs is blurry. In order to have a species-to-species 6 
ratio of 10, the US EPA (1984) argued that data from three fish species (e.g. fathead minnow) and two 7 
crustacean species (e.g. Daphnia magna) were largely representative of all relevant species’ sensitivity. It 8 
was further argued that test requirements could therefore be limited to fish and crustaceans (the so-called 9 
“cluster concept”), since it was not reasonable to require tests for all relevant species. Algae were 10 
subsequently added as a third group, even though no specific data support the inclusion (US EPA 1984). 11 
 For the acute-to-chronic ratio (ACR), it was concluded that the data supported an additional 12 
AF of 10 despite substantial variations (US EPA 1984). The largest ratio reported was 17.551 for the 13 
herbicide Propanil, which was tested on fathead minnow (Call et al. 1983). On a more general level a 14 
statistical study of 95 chemicals showed that the median ACR was 8.46, leading to the conclusion that a 15 
factor of 10 represented “typical” ACRs.  16 
When the laboratory-to-field ratio (LFR) was derived by comparing experimental acute LC50 17 
data with field toxicity data, the derived LFR spanned from 12-5300. The available field data were relatively 18 
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limited, and the US EPA described the outcome of the process comparing field to acute LC50 data as a 1 
working model, for which further data were needed to refine the projections. With the knowledge they had at 2 
hand they found a factor of 1000 from acute-to-field to be reasonable. QSAR data were evaluated as being 3 
comparable to acute LC50 data within one order of magnitude, and it was therefore recommended as being 4 
treated as being equal to a single LC50. A final interesting detail in regard to the initial development of AFs is 5 
that the authors explicitly pointed out that further research should improve and refine them (US EPA 1984). 6 
It may seem that this recommendation has been forgotten, though, since it was made more than three decades 7 
ago.  8 
If a large dataset from long-term tests for different taxonomic groups is available, the use of 9 
the species sensitivity distribution (SSD) method is currently perceived as less uncertain compared to the 10 
extrapolation from data from the base set of test organisms, and an AF of between 5-1 can be used, if 11 
justification is provided (ECHA 2008). Participants in the OECD workshop in 1992 also discussed a 12 
relatively large dataset focused on the use of species sensitivity distribution (SSD) methods and regression 13 
models. SSD or NOECs were proposed as alternatives to the subjective assessment factors that were 14 
otherwise used to extrapolate from small datasets. Despite the recognition that SSD provides a better 15 
scientific foundation for hazard evaluation, the derived safe concentrations may not protect all functions of 16 
the ecosystem, due to a number of scientific assumptions: a) species in ecosystems can be divided into a 17 
small group consisting of every sensitive species and a large group including the less sensitive species; b) the 18 
distribution of sensitivity in lab approximates distribution in the ecosystem; c) the sensitivity of a species 19 
isolated in a lab is equal to its sensitivity in a complex ecosystem; d) sensitivity can be characterised as 20 
(normal) distribution, and such a characterisation made under laboratory conditions can be directly 21 
extrapolated to field conditions and e) interactions between species are not accounted for when applying 22 
SSDs, and because an SSD is based on existing standard tests the protection level depends on the 23 
relationship between these tests and their biological and ecological significance, which can be limited 24 
(OECD 1992).  25 
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Under REACH, and according to the guidance documents provided by ECHA (2008), the assessment 1 
factor to be used on mesocosm studies, or (semi-) field data, needs to be reviewed on a case-by-case basis. 2 
This is very much in line with the OECD’s workshop report which states that comprehensive ecosystem 3 
studies should only be conducted when a hazard is perceived to be high, as such studies can further indicate 4 
how fast populations may recover from exposure to a stressor and provide more realistic exposure 5 
evaluations. This is the first time that the OECD report has addressed a risk scenario as is it generally 6 
understood today (i.e. as the ratio obtained by dividing hazard and exposure assessments), noting that 7 
standard laboratory tests cannot predict effects on the ecosystem level due to, for instance, the influence of 8 
interspecies interactions, the indirect effects of chemicals, effects on ecosystem processes and recovery rates 9 
and finally the cumulative effects of multiple stressors. Even though these considerations are more than 20 10 
years old, some of them are still relevant – as seen in the case studies on nonylphenol and nanoparticles. 11 
12 
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6. Discussion 1 
Our analysis of the two case studies illustrates some of the challenges that ERAs face when it comes to 2 
assessing chemicals and nanomaterial risk. Based on the nature of these identified challenges, we would 3 
argue that they cannot be addressed by revising the ERA; instead, they are a reflection of the fundamental 4 
limitations of the ERA framework, and these limitations have been well recognised over time but never 5 
really addressed in regulatory application.  6 
 7 
6.1 Hazard identification 8 
In the case of nonylphenol and nanoparticles, we identified a number of challenges, including the disregard 9 
for endocrine-disrupting effects and “new” endpoints in favour of traditional endpoints, as well as the 10 
disregard for findings stemming from non-standard tests in favour of standard tests.  11 
 From the case of nonylphenol it is clear that if there are indications that a chemical has 12 
properties of very high (or unknown) concern, such as EDCs and carcinogens, it should not be overlooked, 13 
even if it seems that other endpoints are more sensitive – especially if the scientific understanding is still in 14 
the development phase. In the 2002 ERA for nonylphenol it was concluded that oestrogenic properties are 15 
covered by the most sensitive endpoint (a 72h algae growth test) (EC 2002).  Since the collection of data for 16 
the ERA was finalised in 1999, new studies have been published, as a function of scientific progress, which 17 
have led the European Chemical Agency to propose that nonylphenol be classified as SVHC, based on its 18 
ED properties (ECHA 2012). We do not highlight this development in order to insinuate that the 2002 ERA 19 
was not conducted properly; the work with the 2002 nonylphenol ERA was indeed comprehensive and lived 20 
up to the standards that can be expected from such an assessment. However, the case serves as an example of 21 
the limitations that the boundaries of our scientific understanding set on our ability to assess risk, if we insist 22 
that risk must be quantified with standardised assays. Today it would be much more controversial to argue 23 
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that disruptive endocrine properties are properly accounted for through the survival and growth type of 1 
endpoints. A valuable lesson in this regard is that we should not disregarded studies that show the effects of 2 
unknown biological importance at very low concentrations but rather highlight any uncertainty in 3 
determining the importance of such findings. 4 
In regard to the case of ENM it remains to be discovered whether there are nano-specific 5 
effects that are not properly accounted for within the current ERA framework, though it is still too early to 6 
conclude that the existing framework is sufficient (WHO 2013, Scientific committees 2013). Limits to our 7 
understanding of such nano-specific effects, as well as limitations in regard to our technological capabilities, 8 
result in high amounts of uncertainty in any ENM hazard identification. This makes it questionable whether 9 
we are able to provide evidence-based assessments of ENM hazards that can be used to quantify risk. 10 
Looking at the hindsight lessons taken from the ERA of nonylphenol, it might not feasible to rely on ENM 11 
hazard data until we are more certain about the best suitable approach for such hazard identifications. It 12 
would therefore seem feasible if the search for novel findings were better and more systematically integrated 13 
in the risk assessment process, not least in regard to new and emerging risks such as those from ENMs. 14 
The preference for traditional endpoints and standard tests is not something that is specific to 15 
nonylphenol and nanoparticles – it can be traced back to the origins of ERAs in the EU. The endpoints that 16 
the Working Party Risk Management for Ecosystems in the Netherlands proposed and asked for back in 17 
1989 regarded acute toxicity and long-term experiments such as reproduction tests on daphnia and an egg-18 
larva test for fish. Preferences for such quite crude endpoints have led over time to the unfortunate dismissal 19 
of indicative studies of new endpoints as well as studies with unknown biological significance. This could 20 
explain the reluctance to accept endocrine-disrupting effects and “new” versus traditional endpoints in the 21 
2002 ERA of nonylphenol. Similarly, from the outset, the Working Party Risk Management for Ecosystems 22 
(1987) referred to OECD standard test guidelines, thereby giving priority to standardised tests over non-23 
standard tests.   24 
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  The minimum data requirements posited by the Working Party Risk Management for 1 
Ecosystems (1987) for air, water and soil are the same as those that are used in REACH, which again could 2 
help explain resistance to accepting endocrine-disrupting effects and “new” endpoints versus the more 3 
traditional examples that have now become the norm. Furthermore, it also explains why there is a tendency 4 
to ignore aspects that have been recognised as “known unknowns” (i.e. uncertainties that we are aware of but 5 
are unable to address properly) when it comes to the hazard characteristics of emerging materials and 6 
substances. In order to provide the best scientific foundation for risk management, such uncertainties should 7 
therefore be highlighted rather than ignored. 8 
 9 
6.2 Dose-response assessment 10 
Prior to 1993, discussions on how to assess the environmental risk of toxic chemicals were taking place in 11 
the United States of America and in many European countries, such as Denmark, Germany, Spain and the 12 
Netherlands (van Straalen and van Leeuwen 2002). Especially the work conducted by the US EPA (1984) 13 
and in the Netherlands laid the foundations for the chemical RA framework. The Health Council of the 14 
Netherlands established a scientific advisory committee to give advice on the ecological risk assessment of 15 
chemicals, and in 1989, this committee published the report “Assessing the risk of toxic chemicals for 16 
ecosystems” (HCN 1989) in which minimal data requirements, the use of the term “PNEC” and the 17 
development of procedures for the derivation of PNEC, which are well established now, were described.  18 
Although the HCN (1989) defined the minimum data requirements, over time these have 19 
become standard data requirements, and very seldom are other data considered in the final dose-response 20 
assessment. This has led to the dismissal of indicative studies and studies with unknown biological 21 
significance. Moreover, in hindsight, it seems that the PNEC has always been set too low, as ERAs have 22 
failed to identify the most sensitive species as well as limitations in the use of extrapolation methods. 23 
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These limitations of the ERA method were well-recognised by the experts that suggested the 1 
approach back in the late 1980s. The committee noted that the purpose of the procedure was to predict the 2 
effects of toxic chemicals on ecosystems and to establish boundary conditions for the protection of these 3 
ecosystems, despite limited scientific knowledge available at the time on ecotoxicology (HCN 1989). They 4 
also noted that the key to making such assessments was extrapolation from experimental data to effects in 5 
ecosystems. To obtain sufficient protection this requires that data are derived from tests on the most sensitive 6 
species in the ecosystem. Ecological risk assessments aim at protecting the characteristics of the species 7 
composition of the ecosystem rather than all individual species. According to the committee, it was not 8 
possible to conclude from the available data whether an ecosystem would react more sensitively to a toxic 9 
chemical than individual species (HCN 1989). Hence, there was no certainty that protecting individual 10 
species would lead to the protection of the entire ecosystem, so the risk assessment paradigm fundamentally 11 
aimed at protecting species and not ecosystems (HCN 1989). The committee concluded that none of the RA 12 
procedures reviewed could lay claim to safeguarding ecosystems against the adverse effects of toxic 13 
chemicals. Furthermore, the committee stated that complete scientific foundation for risk regulation was not 14 
possible, and policy should therefore not be based on such a requirement (HCN 1989). The advice from the 15 
Health Council was later implemented in the Netherlands in the form of a policy paper on risk management 16 
(HCN 1989, Premises for Risk Management 1989) and subsequently implemented in the Technical Guidance 17 
Documents (EC 2003) and the Guidance documents used under REACH (ECHA 2008).   18 
 Several aspects in regard to dose-response assessment and subsequent PNEC derivation are 19 
relevant to discuss when it comes to mixtures. It is well documented that mixture toxicity often exceeds the 20 
toxicity of individual components in the mixture (e.g. Levis 1992, Syberg et al. 2009, Kortenkamp et al. 21 
2009). The Dutch Working Party Risk Management for Ecosystems noted that mixture toxicity is an 22 
important aspect of risk assessment, and it was further noted that mixtures could not be taken into account at 23 
the time (i.e. August 1987), since there were no instruments that could deal properly with this problem, 24 
which again was noted to be an undesirable situation (Working Party Risk Management for Ecosystems 25 
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1987). Despite this recognition, back in the late 1980s, and empirical evidence on the importance of mixture 1 
toxicity that has built up over decades, RAs are primarily carried out solely for single chemicals (EC 2003, 2 
EC 2006). The nonylphenol risk assessment serves as an illustration of this problem, since mixture effects 3 
are not quantified at all in this RA. Even though mixture toxicity is a complex challenge, solutions have been 4 
discussed over the last decades, and have recently been reviewed in (Kortenkamp et al. 2009).  5 
 6 
6.3 Improving scientific foundation and ensuring timely protection 7 
Our analysis demonstrates that the ERA framework should rather be considered as a pragmatic set of tools 8 
that provides a systematic approach to determining risk rather than an evidence-based foundation for 9 
decision making. There are several areas where it fails to provide evidence of the real-life hazards of 10 
chemicals and nanomaterials, as discussed above. Apart from these gaps there is also a tendency for ERAs to 11 
focus too rigidly on achieving transparency and reliability through demands for GLP and standard tests 12 
(Myers et al. 2009). Whereas such demands make good sense in relation to data provided by industry, they 13 
nevertheless pose a problem in regard to data produced by academia and published in peer-reviewed 14 
journals. GLP was introduced to ensure high quality data produced by industry, but the scientific literature 15 
already has such a system in place (i.e. the peer review system). There are several problems with this 16 
approach that our analysis helps to illuminate. First of all, the most important role of science is to address 17 
new questions and to generate a novel understanding of complex issues. If such novel findings are not 18 
accounted for, ERAs may fail to provide the foundation for precautionary preventive action as required by 19 
the European Treaty (EU 2007). Both the nonylphenol and the ENM cases are illustrations of this problem. 20 
Even though the nonylphenol ERA was finalised in 2002 (EC 2002), a recommendation for classifying the 21 
compound as SVHC was not made until 2012 (ECHA 2012). And even at this point some the European 22 
Council for Alkylphenols and Derivatives argued that it was premature to classify nonylphenol as an SVHC 23 
based on its endocrine-disruptive properties, since no general EDC definition was agreed upon (ECHA 24 
2013). A possible alternative to this prolongation of the decision-making process would have been to 25 
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conduct a chemical alternative assessment (CAA) (Lavoie et al. 2010) at a much earlier stage. The outcome 1 
of a CAA is meant to provide stakeholders with an assessment of alternatives to the chemicals in question, 2 
thus facilitating the substitution process (Lavoie et al. 2010). Illuminating such substitution pathways seems 3 
to be a good and viable step in ensuring more timely decision making and therefore protection. This 4 
approach would be more in line with commitments under the European Treaty to ensure precautionary 5 
preventive action. 6 
For ENMs we still rely on ERAs to provide the foundation for decision making, even though 7 
it is generally accepted that our ability to assess ENM hazards and subsequently PNECs is poor. It is 8 
therefore relevant to call attention to the fact that ERAs should not be considered as a “holy grail” for 9 
informing decision making but rather be used as one particular tool in a larger decision-making toolbox. 10 
Interestingly, the US EPA (1992) discusses the relationship between the risk assessor and the risk manager –11 
something not normally considered in the EU when it comes to discussions about risk assessment, and 12 
definitely something from which European decision-makers could learn. In this discussion it is stated that 13 
“The results of the risk assessment serve as input to the risk management process, where they are used along 14 
with other inputs defined in EPA statutes, such as social and economic concerns, to evaluate risk 15 
management options” (US EPA 1992). It is, however, paramount that the foundation for management is 16 
presented in a very transparent manner, as this will ensure that it is clear if socio economic interests are 17 
perceived as more important than a specified risk, or if uncertainties regarding the actual risk prevent a 18 
reliable assessment of risk. Such transparency is needed if stakeholders and the public are to have the ability 19 
to judge if risk assessors live up to their political mandate.  20 
Our analysis shows the derivations of PNECs with ERAs are governed substantially by 21 
pragmatic decisions, even for substances that can be properly assessed within the ERA framework. When 22 
uncertainties that are linked specifically to ENMs are considered along with the limited scientific foundation 23 
for the assessment factors applied, it seems questionable whether ERAs can provide the ‘evidence-based 24 
foundation’ for decision making that the framework is expected to deliver (Löfsted 2011). There is no doubt 25 
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that science is progressing within this field and that the work in understanding ENM hazards and subsequent 1 
risk should continue, but until the uncertainties within this field have been further limited it would be more 2 
feasible to let decision making rely on alternative frameworks that also include other societal considerations, 3 
as mentioned by the US EPA (1992), as well as scientific evaluations that acknowledge uncertainty rather 4 
than ignore it and ethical discussions conducted in the light of the precautionary principle.  5 
A final note in this paper concerns transparency. None of the methodologies mentioned here 6 
can be said to provide a rigorous scientific solution to inform decision-making. This fact stresses the point 7 
that regulatory action is a political responsibility, and so in order for science to help inform such political 8 
decisions, transparency is paramount. While the European Commission’s European Chemical Bureau 9 
focused on updating the TGD in 1996 and in 2003, the US EPA (1998) focused on ‘new approaches to 10 
complex risk problems by delineating the need for “planning and problem formulation” to address 11 
technically challenging assessments of ecosystems, chemical mixtures, and cumulative risk’ (US EPA 1998). 12 
An important aspect of this approach is that stakeholders are involved in the initial stages of the assessment. 13 
Although this approach might not lead to a more accurate estimation of the PNEC, it does provide for better 14 
decision support, as it delivers a more in-depth and transparent evaluation of a given risk as well as the pros 15 
and cons of various management options.  16 
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